Lignins constitute the second most abundant group of biopolymers in the biosphere; thus, their biodegradation occupies an important position in the global carbon cycle. Studies of lignin biodegradation are also of great importance for possible biotechnological applications, since lignin polymers are a major obstacle to the efficient utilization of lignocellulosic materials in a wide range of industrial processes (15) . The degradation of lignins occurs primarily through the action of white rot fungi; consequently, this ecological group has received a considerable amount of research attention.
Most of our understanding of the enzymology of lignin biodegradation stems from studies of a single species of white rot fungi, Phanerochaete chrysosporium. Ligninolytic activity by P. chrysosporium is closely correlated with secretion of two specific peroxidases, lignin peroxidase (LiP) and manganese peroxidase (MnP) (20, 28, 48) . Since their discovery, P. chrysosporium LiP and MnP have been extensively characterized with respect to their biochemistry. These studies have, no doubt, led to a better understanding of the regulation and structure of the ligninolytic system produced by P. chrysosporium. Yet, with all of these advances, it has proven surprisingly difficult to demonstrate extensive lignin depolymerization using isolated LiP or MnP, and to date, no successful in vitro biotechnological application of these enzymes has been reported.
Until very recently, it was generally believed that P. chrysosporium does not produce laccase, the third phenoloxidase implicated in lignin degradation by many white rot fungi. Consequently, laccases have received much less attention, and their role in lignin biodegradation remains unclear, although an increasing number of studies indicate that these enzymes may be more important than was initially thought. Interestingly, this trend has recently been supported by Srinivasan et al. (43) , who demonstrated that even P. chrysosporium produces laccase. Laccase production by P. chrysosporium seems to be repressed by glucose, commonly used as the carbon source in ligninolytic studies, but laccase activity was detectable when the fungus was grown on cellulose. Clearly, a great number of white rot fungi seem to efficiently degrade wood without the production of LiP: Dichomitus squalens (35) and Cerioporiopsis subvermispora (38) are two examples. The mechanism by which lignin is broken down in the absence of LiP, an enzyme with an exceptionally high oxidation potential, remains a mystery. Bourbonnais and Paice (3) first described a mechanism by which laccases might assume some of the duties of LiP. In the presence of a suitable redox mediator, 2,2Ј-azino-bis(3-ethylthiazoline-6-sulfonate) (ABTS), for instance, laccase from Trametes (Coriolus) versicolor oxidized nonphenolic lignin model compounds, which are not substrates for laccase alone. This strategy recently led to the development of a laccase-based treatment for pulp bleaching which represents the first promising biotechnological application of a process based on a single ligninolytic enzyme (8) . Furthermore, the production of a physiological laccase-redox mediator system by Pycnoporus cinnabarinus has recently been demonstrated in our laboratory.
P. cinnabarinus degrades wood as efficiently as P. chrysosporium (22) and has been successfully used for the decolorization of pigment plant effluents (42) . In this work, we describe the purification and characterization of a laccase secreted by the white rot fungus P. cinnabarinus. This organism appears to be an ideal model for studies of the group of white rot fungi that lack LiP and seemingly operate with laccase as the major phenoloxidase.
MATERIALS AND METHODS
Organism. The P. cinnabarinus strain, PB, used in this study was isolated by one of us (C.E.) from decaying pine wood in the vicinity of Sydney, Queensland, Australia, in 1993. The culture was maintained on 2% (wt/vol) malt extract (1%) agar plates grown at 24ЊC and stored at 4ЊC. For spore production, parboiled rice was washed with deionized water, autoclaved for 25 min (60 g of rice per 1-liter Erlenmeyer flask), and inoculated with mycelium taken from malt extract agar plates after 5 days of growth at 24ЊC. After 10 days of growth at 30ЊC, the spores were harvested and aseptically filtered through six layers of cheesecloth over large Büchner funnels to remove rice and mycelium. Spores were allowed to settle by gravity overnight for repeated washing with 0.9% (wt/vol) NaCl. They were kept at 4ЊC in the dark and used within 2 weeks of storage. The stored spore suspensions were adjusted to a concentration of about 1.5 ϫ 10 8 spores ml
Ϫ1
. Culture conditions. For laccase production and induction studies, 1.0 ml of spore suspension was used for inoculation of 400 ml of culture medium contained in 1,000-ml Erlenmeyer flasks. (26) . The pH of the medium was adjusted to 4.5 with 1 N NaOH. Cultures were incubated at 30ЊC on a rotary shaker (125 rpm; diameter, 18 mm). In flask experiments, 1 mM veratryl alcohol was added to the basal medium to stimulate production of peroxidases, and cultivations were done with and without addition of Tween 80 (0.8% [vol/vol]) (13) . Because of the demonstrated role of manganese ions in the induction and activity of MnP (6), in preliminary experiments, the manganese concentration of the medium (as MnSO 4 ) was varied between 1 and 100 M to stimulate MnP production.
To study the nitrogen regulation of laccase production, with glucose concentration fixed at either 3 or 8 g/liter, the nitrogen concentration was varied between 1.2 and 24 mM (NH 4 ) 2 SO 4 . For laccase induction studies, the investigated inducers, i.e., 2,5-xylidine, veratric acid, guaiacol, and lignosulfonate, were filter sterilized and added to the cultures at the time points indicated in the text.
For large-scale laccase production, P. cinnabarinus was cultivated in a 100-liter fermentor containing 70 liters of the basal medium lacking 2,2-dimethylsuccinate. The pH was continuously monitored and maintained at pH 4.5, using 0.1 N NaOH. After 24 h of cultivation, 2,5-xylidine (10 M) was added to the culture medium to stimulate laccase production. The fermentation was carried out at a stirrer speed of 60 rpm (diameter, 700 mm) and an aeration rate of 30 liters min Ϫ1 at 30ЊC. Assays for enzyme activities. After the mycelium was removed by centrifugation (10 min at 5,000 ϫ g), laccase activity in the culture supernatant was routinely determined by measuring the oxidation of 500 M ABTS buffered with 50 mM sodium tartrate buffer (pH 4.5). Formation of the cation radical was monitored at 420 nm (ε max ϭ 3.6 ϫ 10 4 M Ϫ1 cm
). In some assays, catalase (50 g/125 U; Sigma C-10) was added to the assay solution. All spectrophotometric measurements were carried out on a Varian UV-Vis DMS 200 spectrometer (Varian, Sugarland, Tex.).
Peroxidase activity was determined by adding to the laccase assay solution (pH either 3.5 or 4.5) H 2 O 2 to 100 M final concentration and subtracting the increase in absorbance caused by laccase activity. LiP and MnP activities were measured with veratryl alcohol and phenol red, respectively, using standard methods (19, 49) .
Enzyme activities were expressed in units defined as 1 mol of product formed per min. All values represent the means from duplicates of two independent experiments, with a maximal sample mean deviation of Ϯ7% from the reported values.
Purification of extracellular laccase from P. cinnabarinus PB. On day 5 of cultivation, when laccase activity reached its maximum, the fermentor was harvested and mycelia were removed by centrifugation. All of the following purification steps were carried out at 4ЊC. The culture fluid, 70 liters, was concentrated to 2 liters in a Pellicon ultrafiltration system (Millipore, Bedford, Mass.), using a 10-kDa filter cassette. This concentrate was passed through a 300-kDa ultrafiltration cassette (Ultrasette; Filtron, Northborough, Mass.) to remove insoluble material. Further concentration and buffer exchange against 25 mM sodium acetate buffer (pH 5.0) was carried out by ultrafiltration in stirred cells (Amicon Corp., Lexington, Mass.), using 10-kDa PM membranes. The enzyme concentrate was then applied to a DEAE-M column (300 by 30 mm; Toyopearl, Montgomeryville, Pa.) and eluted with a linear gradient of 0 to 1 M NaCl in 25 mM sodium acetate buffer (pH 5.0) at a flow rate of 1.5 ml min
, using a fast protein liquid chromatography system (Pharmacia). Fractions containing laccase activity were pooled, reconcentrated, dialyzed against 1.7 M ammonium sulfate in 25 mM sodium acetate buffer (pH 5.0), and loaded onto a Toyopearl butyl-hydrophobic interaction column (200 by 20 mm). Laccase was eluted with a linear gradient of 1.7 to 0.0 M ammonium sulfate at a flow rate of 1.5 ml min
. Fractions containing laccase were pooled, concentrated, and purified to apparent homogeneity by passage over a final S-400 gel filtration (Sephacryl S-400; Pharmacia) column (980 by 25 mm). The gel filtration column was run with 25 mM sodium acetate buffer (pH 5.0) at a flow rate of 0.3 ml min Ϫ1 . Homogeneity of the enzyme was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentration was determined by the method of Bradford (5), using the Bio-Rad protein assay kit with bovine serum albumin as a standard.
Gel electrophoresis and staining. Isoelectric point and isozyme pattern of the laccase in crude (cell-free) enzyme mixtures and pure enzyme preparations were determined on isoelectric focusing (IEF) gels (IEF-PAGE) with gradients of pH 3 to 10 (100 by 100 mm, 1 mm thick; Servalyt-Precotes; Serva Biochemicals, Heidelberg, Germany), as described previously (45) . At the completion of the run, duplicate lanes were stained either for protein with Serva Blue W (Serva) or for laccase activity with diaminobenzidine (0.6 mg ml Ϫ1 ) in 50 mM sodium tartrate buffer (pH 4.0) (21) . The isoelectric point of the laccase was determined by comparison with a protein standard mixture (Test Mix 9; Serva) containing amyloglycosidase (pI, 3.5), ferritin (pI, 4.4), bovine serum albumin (pI, 4.7), ␤-lactoglobulin (pI, 4.4), conalbumin (pI, 5.37), horse myoglobin (pI, 7.3), RNase (pI, 9.45), and cytochrome c (pI, 10.65). To determine purity of the protein, SDS-PAGE was performed according to Schägger and von Jagow (41) . Protein bands were visualized by staining with Coomassie brilliant blue (G-250; Bio-Rad, Richmond, Calif.) and compared with molecular weight markers (broad range; Bio-Rad). For activity staining of laccase after SDS-PAGE, electrophoresis was carried out without prior boiling of the samples and using diaminobenzidine as described above. The molecular weight of the laccase was estimated by using a calibrated (molecular weight markers, broad range; Sigma) gel filtration column (Superose 12; Pharmacia) with 25 mM sodium acetate (pH 5.0) as the eluant.
Copper characterization. For the spectroscopic characterization of the Cu(II) centers of the P. cinnabarinus laccase, 0.2 mg of the enzyme, in 25 mM sodium acetate buffer (pH 5.0), was used. Spectrophotometric measurements were carried out on a Varian UV-Vis DMS 200 spectrometer, while electroparamagnetic resonance (EPR) spectra were recorded at 1 GHz on a Bruker ESP 300 E apparatus. A Cryofab helium transfer refrigerator unit and an Oxford ITC 4 controller maintained the samples for EPR spectroscopy at 20 K.
N-terminal amino acid sequence and degree of glycosylation. Purified laccase was electroblotted directly from an SDS-PAGE gel to a polyvinylidene difluoride membrane (Immobilon-P; Millipore), and sequence determination was made at the Molecular Genetics Instrumentation Facility, University of Georgia, using an automated protein sequencing system (Applied Biosystems Inc., Foster City, Calif.). Estimation of the neutral sugar content and determination of the glycosyl composition of the enzyme (from 50 g of protein) were performed according to Merkle and Poppe (30) .
Substrate specificity and inhibition studies. Spectrophotometric measurements of substrate oxidation by P. cinnabarinus laccase and the commercially available laccase from Coriolus hirsutus (120 U/mg, dry weight; Calbiochem, San Diego, Calif.) were carried out at 30ЊC in a 1-ml reaction volume containing the test substrates in 50 mM sodium tartrate buffer (pH 4.0). The concentrations of both enzymes were adjusted to give the same oxidation rate of ABTS. The effect of potential inhibitors of the laccase activity was monitored with 5 mM guaiacol as substrate in sodium tartrate buffer (pH 4.0).
Temperature stability and pH optimum. The above assay with guaiacol as substrate was also used to determine the temperature stability of the P. cinnabarinus laccase after different preincubation times at temperatures of up to 80ЊC in 50 mM sodium tartrate buffer (pH 4.0). To estimate the pH optimum of the enzyme, activity was measured with 5 mM guaiacol in 50 mM glycine HCl (pH 2.0 to 3.0)-50 mM sodium acetate (pH 3.0 to 6.0)-50 mM sodium citrate (pH 4.0 to 7.0)-50 mM MOPS (morpholinepropanesulfonic acid)-NaOH buffer (pH 5.0 to 6.5). All determinations were performed in duplicate, with an average sample mean deviation of the reported values of less than 3%.
RESULTS
Production of phenoloxidases by P. cinnabarinus: effect of nitrogen levels. In preliminary experiments, P. cinnabarinus was grown on agar plates containing basal medium and lignosulfonate (1% [wt/vol]) to induce ligninolytic enzymes. After 7 days, the mycelium was removed and the plates were flooded with guaiacol (10 mM) to detect extracellular phenoloxidase activity. Laccase was found to be the predominant phenoloxidase, since color development, indicating guaiacol oxidation, was not dependent on the addition of H 2 O 2 and was not inhibited by the addition of catalase.
In accordance with these observations, laccase also appeared to constitute the major phenoloxidase activity in the culture fluid when P. cinnabarinus was grown in liquid cultures. Growth and enzyme production in shake flasks were superior to those found in standing cultures, and shaking conditions were therefore chosen for routine cultivation. Laccase activity in the culture fluid was detectable after 48 h and reached a maximum of 1.2 U/ml on day 7 in a medium with a C/N ratio of about 15 [3 g of glucose per liter; 2.4 mM (NH 4 ) 2 SO 4 ] (Fig.  1A) . At 1.2 mM (NH 4 ) 2 SO 4 in the culture medium, only 80% of the maximum levels of mycelial biomass was produced. The specific laccase activity (based on milligrams of mycelial dry weight) produced at the lower nitrogen level was comparable to that produced at the optimal concentration of 2.4 mM (NH 4 ) 2 SO 4 , but the total laccase activity (0.9 U/liter) was lower. At higher concentrations of (NH 4 ) 2 SO 4 , i.e., lower C/N ratios, production of laccase was also reduced, although an almost constant yield of fungal biomass was obtained. However, even at a C/N ratio of 1. -dependent veratryl alcohol oxidation) was detectable under various conditions known to stimulate production of the enzyme. LiP assays, carried out with addition of whole mycelial pellets so as to include cell-bound activities, were also negative. Moreover, the peroxidase activity could not be ascribed to an MnP-type enzyme either since it was not dependent on the presence of free Mn(II) and could not oxidize phenol red, a standard substrate for MnP's. No aryl alcohol oxidase activity was found in P. cinnabarinus cultures, in contrast to Pleurotus ostreatus cultures in which laccase and veratryl alcohol oxidase, but no LiP or MnP, were identified (40) .
Induction of laccase. To enhance laccase production, several putative laccase inducers were tested. Lignosulfonate (1%, wt/ vol; Na salt; Roth, Karlsruhe, Germany) and veratryl alcohol (1 mM) increased laccase activity 2.8-and 2.0-fold, respectively, whereas addition of guaiacol (1 mM) did not stimulate enzyme production. Addition of 2,5-xylidine showed the most pronounced effect, with the highest laccase production occurring at concentrations between 10 and 19 M, when added after 24 h to shaken cultures (Fig. 1B) . Under these conditions, laccase activity could be enhanced about ninefold, i.e., to approximately 9.6 U/ml, compared with the basal level obtained in 2.4 mM (NH 4 ) 2 SO 4 cultures without inducer. At higher concentrations of 2,5-xylidine, less stimulation was observed, most likely due to a toxic effect on the fungus. Induction of laccase by 2,5-xylidine did not alter the isoenzyme pattern of the enzyme, as determined from activity staining of crude enzyme samples subjected to IEF-PAGE (data not shown). Also, addition of laccase inducers to the culture medium did not stimulate peroxidase production.
Large-scale production and purification of laccase. Cultivation of P. cinnabarinus in a fermentor increased laccase activity twofold to about 18 U/ml compared with shake flask cultures, and maximum activity was also reached 3 days earlier. The fungus was harvested on day 5, when laccase activity reached its maximum, and accounted for about 70% of the total extracellular protein.
The laccase was purified to homogeneity according to the procedure summarized in Table 1 . The resultant enzyme pool was found to contain a single polypeptide ( Fig. 2A) with a molecular mass of approximately 76,500 Da as determined by SDS-PAGE or 81,000 Da as determined by calibrated gel fil- (15) . After IEF, one major activity band was observed; however, five minor bands having regular spacing and containing decreasing amounts of protein were also apparent (Fig.  2B ). This unusual IEF pattern was found throughout the entire purification procedure and also appeared on IEF gels with different pH ranges. To investigate the significance of the multiple bands, the major band was excised from one gel, and the enzyme was reapplied to a second IEF gel on which it split once again into minor bands of decreasing concentration. This result suggests that under the studied cultivation conditions P. cinnabarinus produces only a single isoform of laccase having a pI of about 3.7. Spectroscopy. To determine the nature of the catalytic center of the P. cinnabarinus laccase, the enzyme was characterized spectroscopically. This provided a sensitive indication of the state of its copper ions and circumvented some problems associated with inaccuracies in copper content measurements, which require very exact protein determinations. The UVvisible spectrum of the purified P. cinnabarinus laccase (Fig. 3) showed a peak of absorption at around 614 nm, typical for the type I Cu(II), that is responsible for the deep blue color of the enzyme. A shoulder at around 325 nm suggests the presence of the type III binuclear Cu(II) pair. The EPR spectrum showed the superimposed signals from two Cu(II) ions, each in a different coordination environment. The unusually low hyperfine coupling constant, IA z I, of Յ95 ϫ 10 Ϫ4 cm Ϫ1 characterized the type I Cu(II) center, while the absorbance at IA z I Ͼ 140 ϫ 10 Ϫ4 cm Ϫ1 indicated the presence of a type II Cu(II) center, which does not have an optical absorption signal (Fig. 4) .
Degree of glycosylation. The enzyme bound to concanavalin A-Sepharose, and its subsequent elution with ␣-methyl-mannopyranoside was evidence that the enzyme was glycosylated. This was confirmed by carbohydrate analysis showing that the enzyme contained about 9% of total carbohydrate, of which mannose was found to be the predominant glycosyl residue (Ͼ70%).
Temperature stability and pH optimum. P. cinnabarinus laccase (24 U/ml) was very stable below 50ЊC (Fig. 5) . At 70ЊC, the half-life of the enzyme was about 60 min, whereas at 80ЊC, the laccase was completely inactivated within this time period. No activating effects were observed at higher temperatures as had been reported for a laccase isolated from an unidentified basidiomycete, PM1 (9) .
The pH profile for P. cinnabarinus laccase activity showed one peak of optimal activity at pH 4.0 (Fig. 6 ). This lies well within the range determined for other fungal laccases isolated from ligninolytic cultures. On the other hand, laccases from the cultivated mushroom Agaricus bisporus and the ascomycete Monocillium saxena each display two distinct pH optima (46, 52) .
Substrate specificity and inhibition pattern. A series of differently substituted phenols were examined as potential substrates for laccase ( Table 2 ). The enzyme oxidized a variety of o-and p-phenols, as well as aromatic amines. Laccase from the white rot fungus C. hirsutus was included in the characterization because this fungus produces LiP in addition to laccase (27) . We were interested in studying whether a laccase from a white rot fungus, such as P. cinnabarinus, lacking the high redox potential of LiP might secrete a laccase having different catalytic properties. However, comparison of the two laccases did not indicate major differences in their catalytic activities. The C. hirsutus enzyme showed a slightly higher reactivity towards hydroquinone, guaiacol, and 4-hydroxyindole, whereas N,N-dimethyl-1,4-phenylenediamine was a better substrate for the P. cinnabarinus laccase. Hydroxyindoles have recently been suggested to be a new class of laccase substrates (7). Indeed, both laccases reacted with 4-hydroxyindole at an even higher rate than with a number of more common laccase substrates. As expected for a laccase-like enzyme, no activity towards tyrosine was observed.
The sensitivity of P. cinnabarinus laccase towards several hirsutus laccases even at much higher inhibitor concentrations. The metal chelator tropolone and p-coumaric acid caused only slight inhibition, whereas acetylacetone and EDTA had no inhibitory effect. As has been observed previously (12) , at low concentrations, SDS had an enhancing effect on the apparent oxidation rate of guaiacol. However, this was at least partly due to a shift of the absorbance spectrum of the substrate in the presence of SDS and not to an activation of the enzyme. N-terminal amino acid sequence. N-terminal amino acid sequence analysis of the purified laccase showed only a single polypeptide sequence (Table 4 ). This result supported our contention that the unusual band pattern observed after IEF of the enzyme was not the result of multiple isoenzymes. We have obtained a gene fragment which encodes a protein matching the N-terminal protein sequence data and are currently isolating a full-length laccase cDNA clone.
Comparison of the N-terminal sequence of the P. cinnabarinus laccase with those of other fungal laccases showed closest similarity to laccase II from T. versicolor (86%). About 76% similarity was found in comparison to the laccases from C. hirsutus and the basidiomycete PM1 and laccase IIIc from T. versicolor; 70% similarity to Ceriporiopsis subvermispora laccase and 64% similarity to Phlebia radiata laccase were found. All of these fungi are wood-rotting basidiomycetes belonging to the class of white rot fungi. In contrast, the N-terminal sequences of laccases isolated from non-wood-rotting fungi such as the commercial mushroom A. bisporus, the ascomycete Neurospora crassa, and the yeastlike fungus Cryptococcus neoformans were significantly different (similarities of 13, 18, and 0%, respectively).
DISCUSSION
In this paper, we have described the physiological requirements for laccase production by P. cinnabarinus and characterized some of the enzyme properties after its large-scale production and purification. The fungus has been found to produce an unusual set of extracellular phenoloxidases consisting of a single isoform of laccase and a peroxidase that is neither an LiP nor an MnP. Our results confirm an earlier observation by Nerud et al. (33) , who when screening for ligninolytic enzymes in several white rot fungi, detected H 2 O 2 -dependent ABTS oxidation but no LiP or MnP in a strain of P. cinnabarinus. A novel enzyme, tentatively named Mn-inhibited peroxidase, was recently detected in Bjerkandera sp. (11) , but in contrast to this Mn-inhibited peroxidase, the P. cinnabarinus peroxidase did not oxidize phenol red. In that respect, it more closely resembles another non-LiP, non-MnP peroxidase produced by the white rot fungus Junghunia separabilima (50) . However, unlike the J. separabilima peroxidase, the P. cinnabarinus peroxidase was not active in the absence of H 2 O 2 . Detailed characterization of the P. cinnabarinus peroxidase is under way. P. cinnabarinus represents a common type of white rot fungus devoid of LiP but in possession of laccase in combination with a peroxidase of lower redox potential (10) . Although P. cinnabarinus appears to lack enzymes having the high oxidation potential thought to be necessary for the depolymerization of the major, nonphenolic structures of lignin, it very efficiently degrades the lignin in wood (22) . In P. cinnabarinus, the lack of LiP does not seem to require compensation by a laccase having an unusually high redox potential. Our comparison of the laccases from P. cinnabarinus and C. hirsutus, a fungus that also secretes LiP and MnP, did not show significant differences in their oxidation capacity for various substrates. This result could be taken as support for the possible presence of a physiological enzyme-mediator system allowing for the oxidation of nonphenolic lignin structures by laccase (3, 8) .
Laccase production by P. cinnabarinus was less sensitive to high concentrations of nitrogen than is known for production of phenoloxidases in ligninolytic systems of most other white rot fungi (29) . High concentrations of glucose (Ն5 g/liter) in low-nitrogen cultures (C/N ratio, Ͼ25) led to accumulation of an extracellular polysaccharide which strongly interfered with enzyme extraction from the medium. A similar effect has been demonstrated in P. chrysosporium, in which low-nitrogen, highglucose conditions trigger the synthesis of an extracellular ␤-1,3-glucan (1, 14) . When grown in liquid culture, P. cinnabarinus secreted laccase in concentrations comparable to those produced by T. versicolor and Pleurotus ostreatus, two fungi considered prodigious laccase producers.
The P. cinnabarinus laccase appears to occur in only one single acidic isoform, an unusual feature among fungal laccases. For instance, the well-characterized laccase from T. versicolor can be separated chromatographically into two major isoforms, which can be further split by IEF-PAGE into numerous isoelectric forms (24) . Recent evidence suggests that these T. versicolor laccases represent true isoenzymes in that they are transcribed from separate genes under ligninolytic conditions (23, 27) . A single laccase has been purified from Pycnoporus coccineus; however, it is unclear whether it was the only isoform or just the major expressed form (34) . The multiband pattern observed on IEF gels for the P. cinnabarinus laccase isoenzyme adds to a number of previous reports of unusual behavior of purified laccases after electrophoresis. A multiple band pattern on SDS-PAGE gels has been reported for purified laccases from A. bisporus and N. crassa (16, 36) and is also known for the highly glycosylated plant laccases (44) . Posttranslational modifications of the extracellular polypeptide by proteolytic activity or differences in the degree of glycosylation may account for some of these banding patterns. However, in our case the faint bands are obviously an artifact that arose during IEF.
The P. cinnabarinus enzyme has all of the characteristics of a typical laccase, i.e., blue color due to its A 610 and two Cu(II) ions in the type 3 configuration that show ca. A 320 . The EPR signature is similar to those of other laccases, e.g., laccases from Rhus vernificera (36) and Podospora anserina (31) . Thus, the spectroscopic data strongly suggest the presence of all four copper(II) ions typical of laccases in the P. cinnabarinus enzyme. The Phlebia radiata laccase has been reported to be lacking the type III binuclear Cu(II) ion pair (25) .
Despite the highly conserved catalytic copper sites found in all known laccase gene sequences (47) , differences in the reactivity of laccases from different species towards various substrates have been observed (12, 45) . This was demonstrated here for the P. cinnabarinus and C. hirsutus laccases. More laccase gene sequences will help to develop a better understanding of the structure-function relationships that govern substrate specificities and functions of laccases in different biological systems. White rot fungi are diverse in their response to putative laccase inducers, and differences in the regulation of gene transcription may reflect different physiological functions for fungal laccases. In P. cinnabarinus, the eliciting effects of 2,5-xylidine, lignosulfonate, and veratric acid had no influence on the isozyme pattern, whereas in other fungi, new laccase isoforms are often induced (2) . The elicitation effect most likely represents a response of the fungus to toxic compounds which could resemble either breakdown products of lignin or antimicrobial agents secreted by competing fungi. Fungi can often eliminate such toxic compounds by enzymatic transformation, i.e., oxidative polymerization by laccase or other phenoloxidases. Fungi, like the unidentified basidiomycete PM1, in which laccase activity was not stimulated by several putative laccase inducers (9), might not require such an enhanced defense reaction in their natural habitat.
